Background: Ubiquitin-modified TDP-43 protein aggregates characterize common neurodegenerative diseases. Results: UBE2E ubiquitin-conjugating enzymes and ubiquitin isopeptidase Y (UBPY) are functional interactors of TDP-43 in cell culture and fly models. Conclusion: Specific regulators of TDP-43 ubiquitination influence its aggregation and neurotoxic properties. Significance: UBE2E and UBPY enzymes may modulate the course of TDP-43 diseases.
Trans-activation element DNA-binding protein of 43 kDa (TDP-43) characterizes insoluble protein aggregates in distinct subtypes of frontotemporal lobar degeneration and amyotrophic lateral sclerosis. TDP-43 mediates many RNA processing steps within distinct protein complexes. Here we identify novel TDP-43 protein interactors found in a yeast two-hybrid screen using an adult human brain cDNA library. We confirmed the TDP-43 interaction of seven hits by co-immunoprecipitation and assessed their co-localization in HEK293E cells. As pathological TDP-43 is ubiquitinated, we focused on the ubiquitin-conjugating enzyme UBE2E3 and the ubiquitin isopeptidase Y (UBPY). When cells were treated with proteasome inhibitor, ubiquitinated and insoluble TDP-43 species accumulated. All three UBE2E family members could enhance the ubiquitination of TDP-43, whereas catalytically inactive UBE2E3 C145S was much less efficient. Conversely, silencing of UBE2E3 reduced TDP-43 ubiquitination. We examined 15 of the 48 known disease-associated TDP-43 mutants and found that one was excessively ubiquitinated. This strong TDP-43 K263E Trans-activation element DNA-binding protein of 43 kDa (TDP-43) 4 and fused-in-sarcoma (FUS) are neuropathologically and genetically linked to a neurological disease spectrum comprising frontotemporal lobar degeneration (FTLD) and amyotrophic lateral sclerosis (ALS) (1, 2) . These two diseaselinked nucleic acid-binding proteins have structural and functional similarities (3) . Specifically, TDP-43 binds to nucleic acids, including thousands of RNA species, thereby regulating transcription, splicing, and processing of mRNA and miRNAs as well as mRNA stability and transport. Moreover, TDP-43 can be incorporated into stress granules (SGs), pointing also to translational control functions. In human neurodegenerative diseases, TDP-43 shifts from predominantly nuclear to cytosolic cellular compartments. Characteristic intracellular inclusions are formed sometimes in the nucleus and conspicuously in the cytosol. Biochemically, TDP-43 in human diseases forms insoluble protein aggregates. Disease-associated TDP-43 mod-* This work was supported by the German Center for Neurodegenerative ifications include phosphorylation, proteolytic formation of C-terminal fragments (CTFs), and ubiquitination (4) . Candidate kinases and proteases have been proposed for the former, but the molecular mechanisms regulating TDP-43 ubiquitination and turnover are not well understood.
The accumulation and aggregation of neurotoxic proteins depends on the balance among synthesis, folding, and degradation pathways. The protein expression of TDP-43 is tightly regulated by binding to its own mRNA within the 3Ј-UTR, which leads to alternative splicing of polyadenylation sites and thus effective TDP-43 mRNA destabilization (5, 6) . As for TDP-43 degradation, controversial reports in the literature point to proteasomal breakdown (7) (8) (9) (10) , autophagy (11, 12) , or both (13) (14) (15) (16) . In a recent report, the ubiquitin ligase parkin was described to ubiquitinate TDP-43 in a complex manner, regulating subcellular TDP-43 transport (17) .
TDP-43 exerts its diverse functions within multiple complexes. The first published interaction partner of TDP-43 was the survival of motoneuron (SMN) protein (18) . This was corroborated by co-localization in distinct nuclear bodies (18 -20) . Outside the nucleus, there is a functional interaction of TDP-43 and SMN in axonal RNA transport granules in neuronal cell cultures (21) . Here TDP-43 may participate in complexes containing SMN and other RNA-binding proteins such as fragile X mental retardation protein and Staufen (21, 22) , pointing to functional roles in axonal mRNA transport and function.
Following a functional and structural rationale of TDP-43 being a heteronuclear ribonucleoprotein (hnRNP), Buratti et al. (23) found that TDP-43 interacts with hnRNP A/B. Such hnRNP interactions are mediated by sequences within the C-terminal glycine-rich domain of TDP-43 (23, 24) . This initial finding was confirmed in subsequent proteomic screens of TDP-43 interactors (25, 26) , establishing that TDP-43 interacts with many hnRNPs, thus contributing to hnRNP complexes involved in pre-mRNA splicing and other RNA processing steps (27) .
In addition to the cluster of TDP-43-interacting proteins in hnRNP complexes, there is a cluster of TDP-43-interacting proteins involved in translation (25, 26) . Beyond ribosomal proteins and core translation initiation factors, a number of proteins associated with SGs were found and confirmed to interact with TDP-43 (25, 28) . In addition, TDP-43 interacts with FUS (26, 29) , suggesting a functional interplay between TDP-43 and FUS, both of which are also recruited into SGs. Several components of the miRNA processing complexes Drosha and Dicer interacts with TDP-43 (26, 30) , consistent with an influence of TDP-43 on the biogenesis of select miRNAs (30, 31) .
Finally, TDP-43 interacts with itself either as a functional dimer (32) or potentially regulating self-aggregation via the C terminus (33) . The TDP-43 C terminus harbors glutamine/asparagine-rich sequences with prion-like properties that confer self-interaction and co-aggregation with expanded poly(Q) proteins (34) . Upon oxidative stress, TDP-43 may self-crosslink by disulfide bond formation (35) . These latter processes might lead to TDP-43 aggregate sequestration and ultimately both loss of vital nuclear functions and/or proteotoxicity relevant to neurodegeneration.
To find novel protein interactors of TDP-43, we performed yeast two-hybrid (Y2H) screening with an adult brain cDNA library. We used as bait a CTF . This construct starts with the second RNA recognition motif and contains the glycine-rich domain as another presumed protein interaction domain. Synthetic CTF(193-414) partially mislocalized to the cytosol where it formed mildly insoluble aggregates (36) . We discovered 10 potential TDP-43 protein-binding targets of which we could clone seven as complete cDNAs. Physical TDP-43 interactions were confirmed by co-immunoprecipitation and co-localization in human embryonic kidney HEK293E cells. Here we focus on the functional validation of enzymes involved in ubiquitin modifications: the ubiquitin-conjugating enzyme UBE2E3 (UbcH9) and the ubiquitin isopeptidase Y (UBPY) (USP8). UBE2E enzymes enhanced and UBPY decreased the ubiquitination of TDP-43. Proteasome inhibition also enhanced TDP-43 ubiquitination and shifted TDP-43 more into the insoluble protein fractions. In vivo functional interactions of TDP-43 with UBPY were confirmed in a Drosophila melanogaster model of TDP-43 neurotoxicity (37).
EXPERIMENTAL PROCEDURES
Constructs-FLAG-tagged, FL, and nuclear localization sequence (NLS)-mutated TDP-43 and polyglutamine-expanded ataxin-3 (Atx3-Q 148 -EGFP) constructs were described before (19) . TDP-43 CTF (aa 193-414) was cloned into pcDNA3.1(Ϫ) with a 5ЈFLAG tag (NotI/EcoRI) via BamHI/HindIII. TDP-43 FL and CTF were subcloned into pcDNA3.1(Ϫ) with an mCherry tag (NotI/EcoRI) via BamHI/HindIII. CTF2 was subcloned into pEGFP-C1 via BamHI/HindIII. Furthermore, TDP-43 FL and CTF were inserted into pGADT7 (BamHI/NotI) and pGBKT7 (BamHI/XhoI) (Clontech). TDP-43 K263E was generated by twostep site-directed mutagenesis of wild-type (WT) TDP-43 and cloned into pcDNA3.1(Ϫ) with a 5Ј-FLAG tag via BamHI/HindIII. The LSM6, MED6, RBM45, RNF2, UBE2E3, and UBPY expression constructs were cloned from HEK293E cDNA with KpnI/ BamHI forward and NotI backward primers into pcDNA3.1(ϩ) (Invitrogen) and shuttled into pGADT7 (BamHI/XhoI), pCMV-Myc or -HA (BamHI/NotI), and pCMV-vector in which the Myc tag was changed to a triple FLAG tag (pCMV-FLAG) via Bsp120I/ EcoRI. RACK1 was also amplified from HEK293E cDNA, cloned into pCMV-Myc (SfiI/SalI), and shuttled into pGADT7 via SfiI/ SalI, and the vector was digested with SfiI/XhoI. The E2 enzyme constructs UBE2E1, UBE2E2, UBE2N, and UBE2C were generated from HEK293E cDNA and inserted into pCMV-Myc via BglII/NotI. UBE2E3 C145S and UBPY C786S were generated by two-step site-directed mutagenesis of UBE2E3 and UBPY constructs, respectively. UBE2E3 and UBPY point mutants as well as the truncated UBPY ⌬C (aa 1-734) amplification products were cloned into pCMV-Myc (BglII/NotI). The pCMV-His 6 -ubiquitin expression construct was described before (38) . Primer sequences are available on request.
Antibodies-The following antibodies were used for Western blot analysis (WB) or immunofluorescence staining (IF): mouse anti-␣-tubulin (WB, 1:10,000; Sigma, clone B512), mouse anti-EEA1 (IF, 1:100; BD Transduction Laboratories, clone 14/EEA1), mouse anti-FLAG (IF, 1:500; Sigma, clone M2, affinity-purified), rabbit anti-FLAG (IF, 1:500; Cell Signaling Tech-nology); peroxidase-conjugated anti-FLAG (WB, 1:1000 -30,000; Sigma, clone M2), mouse anti-GAPDH (WB, 1:50,000; Biodesign International, clone 6C5), mouse anti-GM130 (IF, 1:500; BD Transduction Laboratories, clone 35/GM130), peroxidase-conjugated anti-HA (WB, 1:10,000; Roche Applied Science, clone 3F10), mouse anti-His 6 (WB, 1:3000; Amersham Biosciences), rabbit anti-LC3B (WB, 1:1000; Cell Signaling Technology); rabbit anti-Living Colors DsRed (WB, 1:2000; Takara/Clontech); mouse anti-Myc (IF, 1:500; Sigma, clone 9E10), peroxidase-conjugated anti-Myc (WB, 1:10,000; Sigma, clone 9E10), rabbit anti-TDP-43 (WB, 1:2000; IF, 1:1000; Pro-teinTech Group), mouse anti-TDP-43 (WB, 1:2000; IF, 1:1000; Abnova, clone 2E2-D3), rabbit anti-UBE2E1 (WB, 1:4000; IF, 1:500; Abcam), rabbit anti-UBE2E2 (WB, 1:4000; IF, 1:500; Aviva Systems Biology), mouse anti-UBE2E3 (WB, 1:2000; Millipore, clone MABS17), mouse anti-UBE2E3 (IF, 1:150 -500; OriGene, clone 7E8), mouse anti-ubiquitin (mono-and polyubiquitin; WB, 1:4000; Millipore MAB1510, clone Ubi-1), mouse anti-ubiquitin (mono-and polyubiquitin; WB, 1:500; Sigma UO508, clone 6C1), mouse anti-polyubiquitin (WB, 1:500; Biomol, clone FK1), and rabbit anti-UBPY (WB, 1:1000; IF, 1:500; Bethyl Laboratories). The secondary HRP-conjugated antibodies for WB were from Jackson ImmunoResearch Laboratories (1:15,000), and secondary Alexa Fluor 488-or 568-conjugated antibodies for IF were from Invitrogen (1:2000) .
Y2H Screen-A human adult brain cDNA library (Mate & Plate TM Library) containing partial cDNAs was used for screening for TDP-43 CTF interactors with the Matchmaker Gold Yeast Two-Hybrid System (both Clontech). The cDNA library plasmids were already transformed into Saccharomyces cerevisiae strain Y187 and were mated with S. cerevisiae strain Y2HGold expressing TDP-43 CTF as bait. Mating efficiency was 5%, and ϳ5.76 ϫ 10 6 cDNA clones were screened. This represents 1.8-fold coverage of the library. The screen was performed on ϪLTHA ϩ 2.5 mM 3-AT (ϪLeu/ϪTrp/ϪHis/ϪAde ϩ 2.5 mM 3-amino-1,2,4-triazole (Sigma)) selective medium. Yeast colonies grown after 7-11 days (size, Ͼ1 mm) at 30°C were seen as primary positive clones. These were selected for growth on ϪLT (ϪLeu/ϪTrp), ϪLTHA ϩ 2.5 mM 3-AT, and ϪLTHA ϩ X ϩ AbA (␣-X-Gal ϩ 80 ng of aureobasidin) selective media. Additionally, yeast extracts of individual clones were prepared for WB to test for expression of HA-tagged prey proteins. Clones growing on all three selective media and expressing prey protein larger than 25 kDa (size of HA-tagged activation domain, approximately 22 kDa) were chosen for further study.
Individual clones were grown in liquid ϪLeu media to select for cDNA library plasmids, which were isolated as described (39) . Plasmids were retransformed into Escherichia coli and reisolated to obtain pure cDNA library plasmids.
Purified library plasmids were co-transformed using a lithium acetate/single-stranded carrier DNA/polyethylene glycol method into yeast strain Y2HGold with bait vector pGBKT7-Ø, TDP-43, or CTF (retransformation). 6 ϫ 10 4 yeast cells were spotted in duplicates on selective medium plates with increasing stringency. Yeast clones expressing prey protein and TDP-43 FL or CTF, not control vector, grown at least on ϪLTHA ϩ 2.5 mM 3-AT were seen as true positive clones, and cDNA library plasmids were sequenced for identification.
Cell Culture, Transfections, and Proteasomal or Autophagosomal Inhibition-HEK293E cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% FCS at 37°C in 5% CO 2 . Transient transfections with DNA were performed with FuGENE 6 or X-tremeGENE 9 (Roche Applied Science) following the manufacturer's instructions. Transient silencing of UBE2E3 was performed with siGENOME siRNA (Thermo Scientific; target sequence, 5Ј-GCAUAGCCACUCAGUAUUU-3Ј). A scrambled siRNA was used as a control (Qiagen). HEK293E cells were transfected thrice in 72 h with 5 nM siRNA using HiPerfect (Qiagen) following the manufacturer's instructions. HEK293E cells were treated for the indicated time points with 10 M MG-132 to inhibit proteasomal activity and/or with 20 nM bafilomycin A1 or 5 mM 3-methyladenine to inhibit basal autophagy (all Sigma-Aldrich).
Sequential Extraction of HEK293E Proteins-HEK293E cells were lysed in RIPA buffer (50 mM Tris/HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 10 mM NaPP i ) and pelleted at 14,000 ϫ g for 15 min at 4°C. RIPA buffer-insoluble pellets were washed with RIPA buffer and lysed in 8 M urea buffer (10 mM Tris, pH 8.0, 100 mM NaH 2 PO 4 , 8 M urea). Total protein concentration of RIPA lysates was determined with the bicinchoninic acid (BCA) protein assay kit (Pierce). Total protein concentration of urea lysates was determined with the Bradford assay (Bio-Rad). 10 g of protein was boiled in 1ϫ Laemmli buffer at 95°C for 10 min and subjected to WB.
Immunoprecipitation-HEK293E cells lysed in co-immunoprecipitation buffer (50 mM HEPES, pH 7.6, 10 mM KCl, 50 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1.5 mM MgCl 2 , 10 mM NaPP i , 10% glycerol, 0.2% Nonidet P-40) containing 1ϫ Complete protease inhibitors (Roche Applied Science) for 30 min on ice. Cell debris was removed by centrifugation at 14,000 ϫ g at 4°C for 15 min. Protein concentration in the supernatant was measured using the BCA protein assay kit, and 750 g of such total protein lysate was incubated with EZview TM Red anti-HA or anti-FLAG affinity gel (Sigma) for 3 h or over night at 4°C. Beads were washed three times with co-immunoprecipitation buffer, and proteins were eluted in 2ϫ Laemmli buffer at 95°C. 10 g of total protein lysates or one-fifth of eluated protein was subjected to WB.
Pulldown of Ubiquitinated Proteins-HEK293E cells were co-transfected with the indicated constructs and His 6 -ubiquitin for 24 or 48 h. Cells were washed with PBS and lysed with 8 M urea buffer containing 10 mM imidazole. The DNA was sheared by passing the lysate 20 times through a 23-gauge needle. Cell debris was pelleted at 14,000 ϫ g for 15min at 4°C, and protein concentration was determined with the Bradford assay (Bio-Rad protein assay). Total protein (750 g) was incubated with Ni-NTA-agarose beads (Qiagen) for 4 h at room temperature. Beads were washed thrice with urea wash buffer (10 mM Tris, pH 6.3, 100 mM NaH 2 PO 4 , 8 M urea) containing 20 mM imidazole, and proteins were eluted in 3ϫ Laemmli buffer with 500 mM imidazole at 95°C for 10 min. Total protein and onefifth of eluates were analyzed by WB.
Pulldown of Sequentially Extracted Ubiquitinated Proteins-HEK293E cells co-transfected with the indicated proteins and His 6 -ubiquitin were lysed under native conditions in Nonidet P-40 lysis buffer (50 mM NaH 2 PO 4 , pH 8.0, 300 mM NaCl, 1% Nonidet P-40) containing 1ϫ Complete protease inhibitors and 10 mM imidazole for 30 min on ice and pelleted at 14,000 ϫ g for 15 min at 4°C. Total protein concentration of the Nonidet P-40-soluble fraction was determined with the BCA protein assay kit. Nonidet P-40-insoluble pellets were washed twice with Nonidet P-40 buffer and lysed in 8 M urea buffer. The Bradford assay (Bio-Rad) was used to determine the protein concentration of the urea-soluble fraction. Pulldown with Ni-NTA-agarose beads was performed with 600 g of Nonidet P-40 and 150 g of urea lysates for 4 h at 4°C (Nonidet P-40 lysates) or room temperature (urea lysates). Beads were washed thrice with either Nonidet P-40 buffer or urea wash buffer containing 20 mM imidazole, and proteins were eluted with 500 mM imidazole at 95°C for 10 min. Total proteins or one-fifth of eluates was subjected to WB.
Western Blot Analysis-Denatured protein was separated on either 7.5, 10, 12.5, or 15% polyacrylamide gels or 4 -12% Bis-Tris NuPAGE gradient gels (Invitrogen) and transferred onto Hybond-P polyvinylidene difluoride membrane (Millipore). Membranes were blocked in 5% skim-milk in TBS-Tween 20 or 5% BSA in TBS-Tween 20 and incubated with primary antibody in Western Blocking Reagent (Roche Applied Science) at 4°C overnight. This was followed by incubation with HRP-conjugated secondary antibodies for 1 h at room temperature. Detection of proteins was performed with the Immobilon Western chemiluminescent HRP substrate (Millipore) on Amersham Biosciences Hyperfilm TM ECL (GE Healthcare).
Immunofluorescence-HEK293E cells were seeded on poly-D-lysine-(Sigma) and collagen (Cohesion)-coated coverslips and fixed with 4% (w/v) paraformaldehyde in PBS for 20 min, permeabilized with 1% Triton X-100 in PBS for 5 min, and blocked for 1 h with 10% normal goat serum. Primary antibody incubation was performed in 1% BSA in PBS for 2 h at room temperature or overnight at 4°C. Cells were incubated with secondary Alexa Fluor-conjugated antibodies in the dark for 1 h at room temperature. Nuclei were counterstained with Hoechst 33342 (2 g/ml in PBS) for 10 min at room temperature, and coverslips were mounted in fluorescent mounting medium (Dako) onto microscope slides. Cells were analyzed with an ApoTome imaging system and processed with Axio-Vision software (Zeiss).
Fly Stocks-All D. melanogaster stocks were maintained on standard cornmeal-yeast agar-based fly food. Experiments were performed at 25°C. The driver lines w[*]; P{w[ϩmC]ϭ GAL4-ninaE.GMR}12 (BL1104) (GMR-Gal4 in text) and y [1] 
w[*]; P{w[ϩmC]ϭAct5C-GAL4}25FO1/CyO, y[ϩ] (BL4414) (actin-
Gal4 in text) were obtained from the Bloomington Drosophila Stock Center. The RNAi lines UBPY (v107623), UbcD1 (v26011), and UbcD2 (v31158) were obtained from the Vienna Drosophila RNAi Center (Austria). The random inserted UAS: TDP-43 transgenic line was generated by germ line transmission (BestGene) and was characterized before (37) . Stable TDP-43 expression in the retina was achieved by recombina-tion of the GMR-Gal4 driver with UAS:TDP-43 line 14 insertion.
RNA Extraction and RT-PCR-RNA was isolated from third instar larvae with the RNeasy Mini kit (Qiagen) according to the manufacturer's instructions. 600 ng of total RNA was reverse transcribed with anchored oligo(dT) primer using the Transcriptor High Fidelity cDNA Synthesis kit (Roche Applied Science). cDNA was used as template for transcription amplification in a 25-l reaction with 5 l of 5ϫ GoTaq buffer, 0.1 l of GoTaq polymerase (Promega), and 2 mM primer (sequences are available on request). Amplified PCR products were subjected to electrophoresis using a 2% agarose gel stained with ethidium bromide. Quantification was performed with ImageJ software.
Sequential Extraction of Fly Head Proteins-Flies were decapitated, and heads were homogenized in RIPA buffer containing 1ϫ Complete protease inhibitors. Cell debris was pelleted at 14,000 ϫ g for 15 min at 4°C to obtain the RIPA buffersoluble lysate. RIPA buffer-insoluble cell pellets were washed twice with RIPA buffer and lysed with 8 M urea buffer. An equivalent of one fly head (RIPA buffer-soluble) or five fly heads (urea-soluble) was loaded per lane in WB.
RESULTS

Y2H Screen for TDP-43
Interactors-To identify novel, (patho)physiologically relevant interactors of the neurodegeneration-associated protein TDP-43, we performed a Y2H screen using an adult human brain cDNA library. Initial attempts with human TDP-43 FL as bait failed to show any meaningful positive clones. However, a CTF comprising amino acids 193-414 yielded 10 novel primary positive clones that were confirmed upon retransformation. These 10 positive clones contained partial sequences that allowed the identification of homologous whole sequences (Table 1) . We managed to clone seven of these as complete cDNAs, namely LSM6, MED6, RACK1, RBM45, RNF2, UBE2E3, and UBPY, and examined their TDP-43 co-immunoprecipitation and co-localization in HEK293E cells.
Co-immunoprecipitation of TDP-43 Interactors-HEK293E cells were co-transfected with mCherry-tagged TDP-43 FL or CTF constructs along with each of the seven cloned Y2H interactor cDNAs. Most immunoprecipitates of the tagged interactor proteins were also immunoreactive for the mCherry-TDP-43 fusion proteins ( Fig. 1, A-E) . FLAG-RACK1 co-immunoprecipitated mCherry-tagged TDP-43 FL and CTF with similar strength (Fig. 1E ). In the other cases, co-immunoprecipitation efficiency was higher for CTF, but some TDP-43 FL co-immunoprecipitation was detected for most targets, suggesting physiological interactions. Furthermore, co-immunoprecipitation of endogenous TDP-43 and 35-kDa fragment with FLAG-UBPY was also detected (see Fig. 6F ). Compared with the other interactors, the co-immunoprecipitation strength of UBE2E3 was weaker ( Fig. 1B) . FLAG-UBE2E3 coimmunoprecipitation with mCherry-tagged TDP-43 FL could not be detected, and co-immunoprecipitation with CTF was only slightly above background. However, FLAG-tagged TDP-43 FL did co-immunoprecipitate Myc-UBE2E3 ( Fig. 1F ). In this same converse co-immunoprecipitation setup, the interaction of TDP-43 with UBPY was confirmed ( Fig. 1G ). As the demonstration of a somewhat unusual direct physical interaction of the E2 ubiquitin-conjugating enzyme UBE2E3 with its putative substrate protein TDP-43 requires special experimental conditions, binding could be weak or transient as a dynamic enzyme/substrate pair and/or require stabilization by cellular E3 ubiquitin ligases. The interaction is further complicated by the solubility shifts of TDP-43 in the presence of UBE2E3 (see below) that likely account for the reduced TDP-43 input levels in Fig. 1B . Despite these issues, the interaction of TDP-43 with UBE2E3 could be functionally meaningful (see below).
Co-localization of TDP-43 with Its Interactors-Under normal conditions, TDP-43 is quantitatively most abundant in the nucleus but can shuttle to the cytosol (40) . To see where the novel interactions could take place, Myc-tagged constructs were transfected into HEK293E cells, and dual label immunofluorescence microscopy was performed with antibodies against the endogenous TDP-43 ( Fig. 2A ). As expected, most of the endogenous TDP-43 was found in the nucleus, but granular TDP-43-immunoreactive material was observed in the cytosol upon longer exposure (see Fig. 2C ). MED6, RBM45, and RNF2 were mostly nuclear very similar to TDP-43. LSM6 partitioned to the nucleus and cytosol with strong overlap in the nucleus. RACK1 was distributed to cytosolic and membrane compartments with apparently little co-immunostaining. Finally, overexpressed UBPY was exclusively localized to the cytoplasm, whereas UBE2E3 localization depended on the extent of overexpression. In moderately expressing cells, Myc-UBE2E3 signal was always nuclear ( Fig. 2A, UBE2E3 , *) where it co-localized with TDP-43. Strongly overexpressing cells showed in addition to the "normal" nuclear staining additional Myc-UBE2E3 signal in the cytoplasm ( Fig. 2A ). Co-expression of FLAG-or EGFPtagged TDP-43 FL with the interactor proteins yielded the same results, and the subcellular localization of the targets did not appreciably change upon co-expression of EGFP-CTF (data not shown).
We detected the endogenous proteins UBE2E3 and UBPY with selective antibodies. Similar to TDP-43, endogenous UBE2E3 was predominantly detected in the nucleus as was the related UBE2E1 ( Fig. 2B ). Antibody against the third family member, UBE2E2, did not immunostain the endogenous protein. When overexpressed, all three Myc-tagged UBE2E proteins showed in addition to the normal nuclear staining a large proportion of cytosolic localization (Fig. 2B ). Endogenous UBPY was found in the cytosol as was the transfected Myc-UBPY (Fig. 2C ). The cytosolic endogenous UBPY in HEK293E cells was enriched in the Golgi apparatus where it co-localized with the marker GM130 (Fig. 2C ). In addition, UBPY was present in vesicular compartments (Fig. 2C) , consistent with its role in endocytic sorting (41) . Although separate UPBY and TDP-43 vesicular and granular structures were abundant (after long exposure to visualize cytosolic TDP-43), a considerable fraction showed co-localization of UBPY and TDP-43 (Fig. 2C ). The cytosolic interactions of TDP-43 may not be quantitatively abundant and/or may be transient but could reflect functionally relevant interactions in cells.
Potential Functional Implications of the Novel TDP-43 Interactors-Some of the hits (Table 1 ) are noteworthy. For example, the transmembrane protein GPR137B transcript was divergently regulated after TDP-43 knockdown (27) . Several interactors point to functions in RNA processing. The interaction of TDP-43 with LSM6 could indicate a role in LSm complexes, a group of RNA processing particles, both in the nucleus and cytosol (42) . The developmentally regulated RNA-binding protein RBM45 was very recently reported to co-aggregate with TDP-43 in ALS/FTLD (43) . Of particular interest is RACK1 as it has roles in neurite outgrowth and translational control in SGs (44, 45) , two cellular functions potentially affected by TDP-43. RACK1 has been found in a proteomic TDP-43 interactor screen (25) and associated with TDP-43 in a global protein interaction map of D. melanogaster (46) . In addition, the interaction with UBPY is apparent in that interaction map (46) . Moreover, RACK1 was found in a co-aggregation proteome along with several RNA-binding proteins implicated with SGs and translation control in a cell culture model of TDP-43 proteinopathy (47) . UBPY is a deubiquitinating enzyme (DUB) best known for its regulation of receptor endocytic sorting (41) . TDP-43 could be a novel substrate for UBPY, potentially regulating TDP-43 turnover and cellular functions by controlling its ubiquitination state. Conversely, UBE2E3 is an E2 ubiquitin-conjugating enzyme, and RNF2 is an E3 ubiquitin ligase. Thus, these three enzymes could regulate TDP-43 ubiquitinations in both directions. Here we specifically validated the influence of UBE2E3 and UBPY on TDP-43 ubiquitination. For this purpose, we first established a cellular TDP-43 ubiquitination assay.
When assessing the contribution of proteasomal and autophagic degradation pathways for TDP-43 using pharmacological inhibitors in HEK293E cells, we found hardly any accumulation of TDP-43 within a 1-day observation period by either treatment with the proteasome inhibitor MG-132, the lyso-somal inhibitor bafilomycin A1, or the autophagy inhibitor 3-methyladenine ( Fig. 3) . Thus, TDP-43 is a relatively long lived protein with apparently slow turnover. Eventually TDP-43 may be a target of microautophagy and in larger aggregates subject to macroautophagy, but this is not occurring within the time frame of the present experimental setup. In marked contrast, the distinct 35-and 25-kDa endogenous CTFs dramatically accumulated in an insoluble fraction upon proteasome inhibition for 6 -24 h but not after lysosomal inhibition (Fig. 3A) . Inhibiting both degradation pathways had no synergistic effect. Thus, CTFs are rapidly turned over predominantly by the proteasome at least in this cell culture model.
Interestingly, the accumulation of ubiquitinated TDP-43 species in proteasome-inhibited HEK293E cells was accompanied by a shift into more insoluble fractions (Fig. 3A) . Thus, proteasome inhibition and the accompanying accumulation of insoluble ubiquitinated TDP-43 species provide a cellular assay JULY 4, 2014 • VOLUME 289 • NUMBER 27
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for the validation of ubiquitinating enzymes and DUBs for TDP-43. For this purpose, HEK293E cells were transiently transfected with FLAG-TDP-43 and His 6 -ubiquitin. After treatment with inhibitors, cells were lysed harshly using 8 M urea, and His 6 -ubiquitin conjugates were pulled down with nickel beads. Specifically after treatment with the proteasome FIGURE 2. TDP-43 co-localization with its interactors. A, HEK293E cells were dual labeled with rabbit antibody against endogenous TDP-43 (green) and the indicated Myc-tagged interactors (mouse anti-Myc, red). B, non-transfected HEK293E cells or those transfected with each of the indicated Myc-tagged UBE2E enzyme were stained with mouse anti-TDP-43 (green) and rabbit anti-UBE2E1 or rabbit anti-UBE2E2 (red) and with rabbit anti-TDP-43 (green) and mouse anti-UBE2E3 (red) as indicated. C, non-transfected HEK293E cells were stained with mouse anti-TDP-43 (green) and rabbit anti-UBPY (red). TDP-43 signal was overexposed in TDP-43/UBPY co-staining to visualize cytoplasmic TDP-43 (inset). Lower panels, HEK293E were stained for endogenous UBPY with rabbit anti-UBPY (red) and for early endosomal marker EEA1 or cis-Golgi marker GM130 (green), respectively. A-C, merged images, including nuclear counterstaining with Hoechst 33342 (blue), are to the right. Asterisks (*) label moderately Myc-UBE2E-expressing cells. Scale bars correspond to 10 m. exp., exposure. inhibitor MG-132, higher molecular mass smears of FLAG-TDP-43 appeared ( Fig. 3B ), suggesting TDP-43 ubiquitination. Note that ϳ55-kDa TDP-43 bands were seen after MG-132 treatment in the insoluble fraction (Fig. 3A) . Similar bands were observed in His 6 -ubiquitin pulldowns even without proteasomal inhibition (Fig. 3B) . Their molecular mass is compatible with monoubiquitination (see below).
Regulation of TDP-43 Ubiquitination by UBE2E Enzymes-First we measured whether UBE2E3 could enhance TDP-43 ubiquitination. HEK293E cells were transiently transfected with His 6 -tagged TDP-43 and Myc-UBE2E3. Pulldowns from lysates obtained using harsh lysis conditions revealed ϳ55-kDa TDP-43 bands specifically when UBE2E3 was co-transfected (Fig. 4A ). The nature of such ϳ55-kDa bands as monoubiquitinated TDP-43 was evidenced by immunoreactivity of the endogenous ubiquitin modifications with antibodies that recognize both mono-and polyubiquitin (MAB1510 and UO508) but not with an antibody that recognizes only polyubiquitin (FK1). Thus, ϳ55-kDa TDP-43 bands are annotated by arrows as monoubiquitinated TDP-43 in the figures.
Effects on the formation of higher molecular mass (multiple mono-or poly-)ubiquitinated TDP-43 species were detected by pulldown of co-transfected His 6 -ubiquitin in HEK293E cells. Overexpression of Myc-UBE2E3 enhanced FLAG-TDP-43 ubiquitination (Fig. 4B, lanes 5 and 6) . This effect depended on UBE2E3 catalytic activity as the active site mutant C145S failed to promote such TDP-43 ubiquitination (Fig. 4B, lanes 7 and 8) . The closely related UBE2E1 and UBE2E2 had effects similar to UBE2E3 (Fig. 4B, lanes 13 and 14 and lanes 9 and 10, respectively). In contrast, the more distantly related ubiquitin-conjugating enzymes UBE2N and UBE2C promoted TDP-43 ubiquitination to a much lesser extent than did the UBE2E enzymes despite similar transfection levels (Fig. 4B, lanes 11 and 12 and  lanes 15 and 16, respectively) . Although MG-132 slightly enhanced the amounts of polyubiquitinated TDP-43 in the absence of exogenous E2 or in the presence of the weakly reactive UBE2N and UBE2C, the strong UBE2E-enhanced TDP-43 ubiquitinations were hardly stabilized by MG-132 treatment (Fig. 4) . Thus, UBE2E-mediated TDP-43 ubiquitinations are not straightforward proteasome-targeting signals. Rather, these ubiquitinated TDP-43 species were shifted into insoluble fractions (Fig. 4C) . Furthermore, the co-expression of UBE2E3 WT and C145S increased amounts of insoluble TDP-43.
Conversely, silencing of UBE2E3 by siRNA treatment reduced TDP-43 ubiquitinations stabilized by proteasome inhibition ( Fig. 5A ). Transfection of WT UBE2E3 rescued TDP-43 ubiquitination in si UBE2E3 -treated HEK293E cells (Fig. 5B, compare lanes 8 and 10) in contrast to the inactive mutant UBE2E3 C145S (Fig. 5B, lanes 14) . This control experiment rules out off-target effects and emphasizes the importance of catalytic UBE2E3 activity for TDP-43 ubiquitination.
Regulation of TDP-43 Ubiquitination by UBPY-To determine TDP-43 DUB activity of UBPY, we used two other TDP-43 constructs: mCherry-CTF that showed robust ubiquitination even in the absence of MG-132 ( Fig. 6A ) and a FLAG-TDP-43 with mutated nuclear localization sequence (NLSmut). In both cases, co-transfection with Myc-UBPY strongly reduced His 6 -ubiquitin pulldown of mCherry-CTF ( Fig. 6A ) and FLAG-TDP-43(NLSmut) (Fig. 6B, compare lanes 7 and 8  with lanes 9 and 10) . In contrast, the catalytically inactive UBPY C786S point mutant (48) and a mutant in which we deleted the C terminus (⌬C) containing the ubiquitin C-terminal hydrolase domain of UBPY (49) both failed to decrease ubiquitination of mCherry-CTF ( Fig. 6A) and FLAG-TDP-43(NLSmut) (Fig. 6B, lanes 11-14) .
Note that UBPY is almost exclusively localized in the cytosol (see Fig. 2 ). It is likely that UBPY has better access to the cytosolically localized NLSmut TDP-43 and CTF proteins lacking the NLS. This view is supported by the extensive cytosolic colocalization of transiently co-transfected UBPY with EGFP-CTF and FLAG-TDP-43(NLSmut) in HEK293E cells (Fig. 6, C  and D) . Consistently, FLAG-TDP-43(NLSmut) showed much greater co-immunoprecipitation than WT FLAG-TDP-43 with Myc-UBPY (Fig. 6E) . Likewise, the interaction with mCherry-CTF was stronger than with TDP-43 FL (see above). In addition, we analyzed whether Myc-UBPY binds endogenous CTFs that are stabilized by proteasomal inhibition. Indeed, we observed co-immunoprecipitation of endogenous CTF and full-length TDP-43 with overexpressed Myc-UBPY (Fig. 6F) . The strength of co-immunoprecipitation was independent of the duration of MG-132 treatment and was even detected in the absence of inhibitor.
Ubiquitination of Pathogenic TDP-43 Mutants-Ubiquitinated TDP-43 inclusions are the neuropathological hallmarks of human disease. To date, 48 mutations in the human gene encoding TDP-43 (TARDBP) have been linked mostly to ALS and FTLD (50) . We first analyzed 15 of these TDP-43 mutants with regard to ubiquitination and UBE2E3 responsiveness in transiently transfected HEK293E cells. Almost all of the mutant proteins behaved like WT TDP-43 in that they showed increased His 6 -ubiquitin pulldown after co-transfection with Myc-UBE2E3 ( Fig. 7) . However, one mutant, K263E, was different from the others. This extremely non-conservative substitution was found in a Hungarian man who developed FTLD as well as supranuclear palsy and chorea but no signs of motor neuron disease (51) . Unlike the other TDP-43 proteins studied, TDP-43 K263E was ubiquitinated already under basal conditions, and the amount of ubiquitinated K263E mutant was dramatically increased upon UBE2E3 overexpression (Fig. 7A) . Thus, we examined the ubiquitination-prone point mutant TDP-43 K263E systematically for the modifying effects of the enzymes UBE2E3 and UBPY (Fig. 8 ). Overexpression of UBE2E3 dramatically increased the amounts of ubiquitinated TDP-43 K263E in pulldown experiments, whereas the catalytically inactive UBE2E3 C145S was much less effective (Fig. 8A) . Treatment with the proteasomal inhibitor MG-132 enhanced the ubiq- uitination of TDP-43 K263E without UBE2E3 co-transfection, but with UBE2E3, the extremely high level of TDP-43 K263E ubiquitination seemed to become saturated (Fig. 8A) . Conversely, UBE2E3 silencing reduced the moderate pulldown of His 6 -ubiquitinated WT TDP-43 as well as the strong ubiquitination of TDP-43 K263E (Fig. 8B) . Finally, co-expression of Myc-UBPY, but not the catalytically inactive C786S and ⌬C UBPY mutants, reduced both the moderate ubiquitination of WT TDP-43 and the strong ubiquitination of TDP-43 K263E (Fig. 8C) . Thus, UBE2E3 and UPBY are capable of regulating the ubiquitination of WT TDP-43 and the ubiquitinationprone mutant K263E.
Specificity of UBE2E3-and UBPY-regulated Ubiquitinations-To check whether UBE2E3 and UBPY were reacting specifically with TDP-43 proteins or generally with aggregating proteins, we determined the ubiquitinations of very long poly(Q)-expanded Atx3. No ubiquitination was detected for the EGFP fusion protein even in the presence of Myc-UBE2E3. In contrast, His 6 -ubiquitination was detected for Atx3-Q 148 -EGFP. Myc-UBE2E3 co-transfection hardly enhanced the His 6 -ubiquitination of Atx3-Q 148 -EGFP, while Myc-UBPY slightly reduced the EGFP signal in His 6 -ubiquitin pulldowns ( Fig. 9 ). Thus, there seems to be some specificity of the TDP-43 interaction with UBE2E3, whereas UBPY also could act on aggregating poly(Q) proteins. It is noteworthy that RNAi of a Caenorhabditis elegans ortholog of UBPY (E01B7.1) enhances the formation of poly(Q) protein aggregates (52) .
UBPY Deficiency Enhances TDP-43 Neurotoxicity in Flies-To determine the effects of UBPY deficiency on TDP-43 and to provide in vivo evidence for a functional interaction, we turned to D. melanogaster. Specifically, we used an established model for TDP-43 neurodegeneration (37) . We first expressed human TDP-43 fused to GFP under the control of an eye-specific driver (GMR-Gal4). As reported before (37) , the high expresser line 14 developed a progressive rough eye phenotype and depigmentation (Fig. 10A ). UBPY RNAi (Fig. 10B ) alone caused a very mild rough eye phenotype but no depigmentation (Fig. 10A) , whereas the GMR driver line alone only presented some ommatidial disorganization (Fig. 10A) . UBPY silencing enhanced the phenotype of line 14 TDP-43-GFP transgenic flies. Black lesions developed in the eyes, and after 10 days, most of these flies were dead (Fig. 10A) . These very strong phenotypes were Biochemical extractions showed increased amounts of insoluble TDP-43 in the heads of line 14 transgenic flies with silenced UBPY (Fig. 10C) . Moreover, UBPY-silenced fly heads contained more higher molecular mass TDP-43 and ubiquitin smears especially in the insoluble fractions of TDP-43 transgenic flies, likely reflecting pathological TDP-43 ubiquitination (Fig. 10C) . UBPY silencing increased the amount of apparently ubiquitinated transgenic TDP-43-GFP species throughout the time course and importantly led to an accumulation of TDP-43-GFP in the insoluble fraction. Thus, the accumulation of insoluble, likely ubiquitinated TDP-43-GFP accompanies neurodegeneration in the D. melanogaster eye and is enhanced by UBPY knockdown.
DISCUSSION
The linkage of the nucleic acid-binding proteins TDP-43 and FUS to distinct subtypes of FTLD and ALS implicated dysfunctions of RNA processing with these neurodegenerative diseases. Both TDP-43 and FUS are involved in several RNA processing steps, including RNA splicing, miRNA processing, mRNA transport, and regulation (3) . Consequently, TDP-43 has been incidentally found in experimental systems in a number of protein complexes, including heteronuclear ribonucleoprotein particles, miRNA processing complexes, and RNA transport and stress granules (see the Introduction). Here we screened for TDP-43 interactors by Y2H for the first time using a library from adult human brain, which is the tissue affected by TDPopathies. We identified 10 novel potential interactors of which seven were confirmed by co-immunoprecipitation and co-localization in HEK293E cells. Among these are the RNAbinding proteins LSM6, MED6, and RBM45, further emphasizing the role of TDP-43 in RNA processing. Specifically, our findings suggest a role of TDP-43 in nuclear and/or cytosolic LSm RNA processing complexes (42) as well as in the nuclear mediator complex that regulates transcriptional activation (53) . TDP-43 has been found previously in mediator complex preparations (54) . Moreover, the potential interaction of TDP-43 with RACK1 could point to a regulatory role in SG formation and/or to additional roles of the extremely multifunctional RACK1 protein (55) .
As TDP-43 belongs to the large and highly diverse group of neurodegeneration-associated misfolding proteins, which are found deposited in diseased brain as ubiquitinated aggregates, we focused on this aspect of the cluster of novel TDP-43 interactors found here. RBM45 has been reported to accumulate within ubiquitin-positive TDP-43 inclusions in human patients (43) . Likewise, RACK1 has been found in a co-aggregating proteome in a cell culture model of TDPopathy (47) . More specifically, we identified three enzymes directly involved in ubiquitination reactions: the ubiquitin-conjugating enzyme UBE2E3, the ubiquitin ligase RNF2, and the DUB UBPY. We provide direct evidence that the UBE2E class of ubiquitin-conjugating enzymes promotes TDP-43 ubiquitination, whereas UBPY reduces it. Catalytically inactive UBE2E3 and UPBY were much less reactive toward TDP-43. UBPY knockdown enhanced the formation of insoluble and likely ubiquitinated TDP-43 species as well as neurotoxicity in transgenic D. melanogaster, provid- ing in vivo support for a role of UBPY as a potentially neuroprotective DUB for TDP-43. We could not unequivocally assess the modifier effects of RNAi for the two D. melanogaster orthologs of UBE2E enzymes. GMR-driven silencing of UbcD1 was lethal, and UbcD2 RNAi led to eye depigmentation on its own. For the third enzyme, RNF2, we could not observe strong effects on TDP-43 ubiquitination. Perhaps this reflects technical problems with transfection of functional, catalytically active RNF2; a lack of appropriate cellular context and activation in the model system used; or that RNF2 is a functionally false positive interactor of TDP-43. The cognate ubiquitin ligase(s) of the UBE2E class of ubiquitination-promoting enzymes remains to be shown. One other candidate ubiquitin ligase for TDP-43 was recently reported, namely parkin (17) . Parkin and UBE2E2 (UbcH8) were shown to interact (56, 57) , and for the polycomb protein RNF2 (RING1b), UBE2E1 (UbcH6) promoted histone H2A monoubiquitination (58) . Whether UBE2E3 functionally interacts with additional, distinct ubiquitin ligases remains to be explored. In other words, TDP-43 turnover might also be regulated by an additional ubiquitin ligase(s) that remains to be identified.
Ubiquitin is a universal modifier regulating trafficking and turnover of proteins and organelles (38, 59, 60) . Ubiquitin linkage to target proteins is mediated by a three-step catalytic process: first ubiquitin forms an energy-rich thioester with the E1 ubiquitin-activating enzyme, and then activated ubiquitin is transferred to one of Ϸ35 E2 ubiquitin-conjugating enzymes (61) , which in turn transfers ubiquitin to a multitude of E3 ubiquitin ligases that contribute to the final isopeptide bond formation with ubiquitinated substrate proteins. DUBs regulate protein ubiquitination states or recycle ubiquitin for example when proteins polyubiquitinated with chains linked via Lys-48 are targeted to proteasomal degradation. This is the main catabolic pathway of short lived proteins and provides a defense system against misfolded and aggregating proteins such as those that occur during aging and particularly in patients with neurodegenerative proteinopathies (62) . It is widely believed that the protein refolding and degradation capacity declines in age-re- decreases the level of ubiquitinated K263E. HEK293E cells were silenced three times with scrambled (scr) or si UBE2E3 (E3). 4 h after the third silencing, cells were double transfected with FLAG-TDP-43 WT or K263E and His 6 -vector control (Ϫ) or His 6 -ubiquitin. 24 h after transfection, urea lysates were prepared, and a pulldown of His 6 -ubiquitin-conjugated proteins was performed. Total cell lysates (Input) and eluates (His 6 Pulldown) were Western blotted and stained with antibodies against TDP-43, FLAG, ubiquitin, His 6 , UBE2E3, and GAPDH as indicated. An asterisk (*) labels an unspecific band. C, UBPY can deubiquitinate K263E. FLAG-tagged TDP-43 WT or K263E was overexpressed with His 6 -ubiquitin and Myc-UBPY, catalytically inactive mutants C786S, ⌬C, or vector controls in HEK293E cells. Urea lysates were prepared, and Ni-NTA purification of His 6 -tagged proteins was performed. Total cell lysates and pulldown eluates were Western blotted and stained with antibodies against TDP-43, FLAG, ubiquitin, His 6 , Myc, and GAPDH. In A-C, monoubiquitinated TDP-43 is indicated with an arrow. lated neurodegenerative proteinopathies. All neuropathological protein aggregates, including TDP-43 lesions in FTLD-TDP and ALS, contain ubiquitin (4, 63) .
Here we found that UBE2E enzymes may participate in TDP-43 ubiquitination. The physical interaction of an E2 ubiquitin-conjugating enzyme with a putative substrate protein is unusual. However, RING-type ubiquitin ligases stay bound to their cognate E2s and transfer ubiquitin to the substrate protein directly from the E2 (64) . In such E2-E3 complexes, many E2s are believed to influence the type of ubiquitin linkage and even substrate specificity. Perhaps there is a TDP-43 interaction interface on UBE2E3 that allowed reaction in the yeast two-hybrid screen. In transfected cells, optimized conditions for co-immunoprecipitations between TDP-43 and UBE2E3 might argue for the requirement for a complexstabilizing E3. Parkin is a candidate for such a RING-type ubiquitin ligase for TDP-43 (17) . Alternatively, UBE2E3 could be a novel example of a highly dynamic and/or weak physical interaction of an E2 directly interacting with its target protein, TDP-43.
Functionally, endogenous ubiquitin tended to monoubiquitinate His 6 -TDP-43 in the presence of UBE2E3 (Fig. 4A) , although the experimental setup suffered from high background for polyubiquitinated proteins. When His 6 -ubiquitin was used as a probe, higher molecular mass smears of (multiple mono-or polyubiquitinated) FLAG-TDP-43 were pulled down after co-transfection with UBE2E family members (Fig. 4B ). Proteasome inhibition with MG-132 hardly stabilized UBE2Emediated TDP-43 ubiquitination. Moreover, UBE2E overexpression did not lead to reduction of TDP-43 steady-state levels within the observation period as would be expected for proteasome-targeting ubiquitinations. Note that TDP-43 expression is not only regulated by protein turnover but also via self-regulation of its mRNA, keeping cellular TDP-43 levels within carefully controlled margins (5, 6) . Instead, forced TDP-43 ubiquitination by active UBE2E3 causes a shift into insoluble fractions (Fig. 4C ). Perhaps TDP-43 ubiquitination subtly affects its tertiary or quaternary structure and thus incorporation into proper protein complexes in appropriate subcellular localizations. Despite the detectable shift of a portion of ubiquitinated TDP-43 into the insoluble fraction, UBE2E co-transfection even followed by 6-h proteasome inhibition did not lead to overt depletion of functional TDP-43 in the acute cell culture system as evidenced by unaffected expression of histone deacetylase 6 (19) and splicing of the ribosomal S6 kinase 1 Aly/REF-like target (65) both at the mRNA and protein levels (data not shown). However, long term accumulation of ubiquitinated TDP-43 in insoluble fractions in aging human patients could eventually lead to pathological proteasome overload, preventing the effective degradation of ubiquitinated TDP-43 that eventually becomes too insoluble to be degraded (see Fig. 11 ). UBE2E1 (UbcH6) was reported previously to bind and ubiquitinate ataxin-1, in this case successfully promoting ataxin-1 degradation (66) . Thus, the overall effects of aggregating protein ubiquitinations by UBE2E enzymes may differ according to solubility of the target protein and/or the degradative capacity of the cellular system. RNAi of the TDP-43 DUB UBPY also led to the accumulation of insoluble, apparently ubiquitinated TDP-43 in Drosophila and enhanced neurotoxicity. Interestingly, pharmacological DUB inhibition was similarly shown to cause aggregation of ubiquitinated tau in an oligodendroglial cell culture model (67) .
The exact molecular mechanisms of how disease-linked mutations confer TDPopathy are poorly understood. We examined 15 of the 48 known pathogenic TDP-43 mutations. Almost all of them were ubiquitinated by UBE2E3 like WT TDP-43 at least within the short observation period in transiently transfected HEK293E cells. However, one unusually not ALS-but FTLD-TDP-linked mutation (51) caused excessive TDP-43 K263E ubiquitination even under basal conditions that could still be regulated by UBE2E3 and UBPY. The K263E substitution replaces a positively charged lysine residue with a negatively charged aspartic acid side chain. Such altered charge distribution and/or severe structural distortion could account for the observed reduced electrophoretic motility of TDP-43 K263E (see Figs. 7 and 8) . The K263E mutation resides in the second RNA recognition motif, where the Lys-263 residue may contact bound RNA (68) . The K263E mutation could disrupt appropriate TDP-43 incorporation into physiological complexes and/or intramolecular stabilization, ultimately giving rise to a misfolded protein that evidently provides a challenge for cellular handling. Aberrant folding and abortive proteasomal degradation could be a straightforward explanation for the pathogenic effect of the K263E mutation.
Although the tight regulation of TDP-43 synthesis is well studied (5, 6) , the mechanisms of proteolytic breakdown are less well understood. Conflicting results suggesting TDP-43 breakdown by the proteasome, autophagy machinery, or both (see the Introduction) have been reported. In mouse motor neurons, impairment of proteasome activity but not autophagy leads to the formation of cytosolic TDP-43 inclusions and other ALS-like phenotypes (69) . In transiently transfected HEK293E cells, we found that TDP-43 FL (both WT and mutant) was turned over in Ͼ24 h, whereas the commonly observed 35-and 25-kDa CTFs were rapidly turned over by the proteasome but not autophagy.
Taken together, the regulation of TDP-43 ubiquitination may control TDP-43 neurotoxicity, which appears to be enhanced when TDP-43 accumulates in ubiquitinated and insoluble forms. This could be achieved by inefficient deubiquitination upon UBPY deficiency. The exact relationships among TDP-43 fragmentation and ubiquitination, turnover, protein solubility, and the mechanisms of cell death in flies and mammals remain to be further elucidated. Meanwhile, our study identified UBPY as a potential suppressor of TDP-43 neurotoxicity that might become useful in future (pre)clinical studies.
